This paper proposes a new stud-type hybrid damper system for residential houses and building structures. The proposed vibration control system consists of braces, upper and lower rigid frames and a damper unit including hysteretic and viscoelastic dampers (high-hardness rubber). The proposed vibration control system has a high damping capacity and a stable damping performance in a broad response range. A simplified design method for hybrid dampers is then proposed. The proposed design method enables not only to design the hybrid damper system but also to predict its damping capacity in the design stage. Theoretical and analytical studies are carried out using an equivalent linearization method and a time-history response analysis to investigate the damping performance of the proposed vibration control system. Loading tests with full-scale models are conducted to verify the damping capacity of the proposed vibration control system, and to clarify the validity of the proposed simplified design method. The accuracy of the analytical models is evaluated through the comparison of the test results with those of analytical studies. Finally, a nonlinear time-history response analysis is conducted to examine the performance of the proposed vibration control systems in the response reduction of practical residential houses.
Introduction
Many passive dampers have been developed and applied to building structures so far to improve the habitability as well as the safety against wind and earthquake disturbances (e.g. [1] [2] [3] [4] [5] [6] ). The tuned mass dampers (TMDs) and the story-installation type dampers such as the friction, viscous and viscoelastic dampers are often applied to low-rise building structures due to their effectiveness in dissipating the energy input from wind and earthquake disturbances. Though TMDs are usually used in residential houses for controlling the dynamic responses by small-to-medium earthquake disturbances, they have a difficulty in the tuning and effectiveness of vibration damping during large earthquakes because of the limit in the movable range of added mass. In case of the story-installation type dampers, while they have advantages in cost, manufacturing and installation, it is not so easy for the story-installation type dampers to upgrade their efficiency compared to usual large-scale stud-type or wall-type dampers with steel materials.
In recent years, several studies on hybrid damper systems combining two materials in series have been carried out by many researchers [7] [8] [9] [10] [11] [12] . However, existing hybrid damper systems placed in two or more walls of a building structure, or composed in series have some problems such as the balance of energy absorbing capacities of dampers and the damping degradation caused by the stiffness reduction of damper systems. Furthermore the existing vibration control systems developed for large-scale building structures are too expensive to apply to residential houses, and have a difficulty in control. This paper proposes a new stud-type hybrid damper system for residential houses, which has a high damping capacity and a stable damping performance in a broad response range with low cost and easy installation. Hysteretic and high-hardness rubber dampers are introduced in the proposed vibration control system as energy dissipation devices. The high-hardness rubber [13, 14] produced by the Sumitomo Rubber Industry Corporation, Kobe, Japan has large initial stiffness, small temperature and frequency dependencies compared to general http://ccaasmag.org/ARCH viscoelastic dampers. The main functions of the stud-type hybrid damper system are as follows; (i) the input energy from large earthquakes is dissipated by the hysteretic dampers to minimize structural damages, (ii) the input energy from small-to-medium earthquakes or strong winds is absorbed by the high-hardness rubber dampers to improve the habitability. Maseki et al. [12] have proposed a different type of hybrid damper system adopting buckling restrained braces composed of steel and friction dampers. The main functions of their system are essentially the same as those of the proposed stud-type hybrid damper system. In addition, this paper proposes a simplified method for designing the hysteretic and high-hardness rubber dampers so that they have the targeted damping capacities at specified responses of building structures. Based on the performance-based design, the proposed design method enables not only to design hybrid dampers but also to predict their damping capacities in design phase. Loading tests with a full-scale model are carried out to investigate the damping capacity and the basic performance of the proposed hybrid damper system, and to clarify the validity of the proposed simplified design method. Moreover, a nonlinear time-history response analysis is conducted to examine the damping performance of the proposed vibration control systems in the response reduction level of practical residential houses.
New stud-type hybrid damper system
A new stud-type hybrid damper system is proposed, which consists of braces, upper and lower frames and a damper unit including hysteretic and high-hardness rubber dampers as shown in Fig.1 . This system has following characteristics; (i) high damping efficiency by concentrating the deformations of the upper and lower frames into the incorporated dampers, (ii) easy installation to building structures with different story-height by adjusting the length of braces positioned between the upper and lower frames, (iii) easiness in replacing damaged energy dissipation devices. The proposed stud-type hybrid damper system improves such weaknesses of existing systems through unifying two dampers in a damper unit in parallel. The stiffness of surrounding portions (braces, upper and lower frames) was designed as large as possible to prevent the negative effect of surrounding portions on damping performances of the proposed damper system. Stiffness of stainless steel springs are appropriately designed to be deformed elastically during loading tests. Also, two stainless steel springs, and upper and lower rotation-restrained steel plates of the damper unit make hysteretic and high-hardness rubbers dampers deformed in shear only. 
Simplified design method for hybrid damper system
A simplified method for the design of hybrid damper system is proposed. The simplified design method is based on the performance-based design. This method is to design hysteretic and high-hardness rubber dampers so that each damper exhibits proper damping ratios at different specified responses of the building structure.
3.1 Hysteretic damper for higher damping performance in large response. In the first design phase of the hybrid damper, hysteretic dampers are designed so that they exhibit a targeted performance at 
where 0
Q and a Q are the stiffness of a hysteretic damper, the stiffness of a bare frame, the elastic deformation of the entire system (hysteretic damper + bare frame), the yield deformation of a hysteretic damper, the shear force in a hysteretic damper, the shear force in a bare frame and the entire system, respectively. It is assumed in this paper that, while hysteretic dampers obey the normal bilinear hysteretic rule, the bare frame keeps its elastic behavior in the specified response range. The stiffness ratio  can be derived in terms of an equivalent damping ratio eq h and ductility factor a  as follows;
In addition, it is necessary for the design of hysteretic dampers to give their yield deformation to be fully deformed under earthquake ground motions with the consideration of maximum displacement response of the entire system.
3.2 High-hardness rubber damper for higher damping performance in small response. In the second design phase of the hybrid damper, visco-elastic dampers are designed. This design phase is to supplement the weak damping effect of hysteretic dampers in small response range. In this paper, high-hardness rubber dampers as visco-elastic materials are used to supplement the weakness. The high-hardness rubber dampers have small temperature and frequency dependency compared to general visco-elastic dampers (see [13, 14] ). While the high-hardness rubbers show elliptical hysteretic curves in the small deformation range less than 5% of shear strain, they show bilinear hysteretic curves in the range of more than 5% of shear strain as shown in Fig.2 . But they have remarkable stain dependency. The mechanical modeling of the high-hardness rubbers has been proposed by Tani et al. [13, 14] . The mechanical model of the high-hardness rubber dampers consists of an elastic-plastic element, an elastic element due to dynamic effect and a viscous element. 
http://ccaasmag.org/ARCH The magnification coefficient  is introduced for the design of the high-hardness rubber dampers.
The coefficient  is defined as the ratio of the equivalent damping ratio c of the high-hardness rubber damper by the aspect ratio / Sd , respectively. For the design of a hybrid damper, the thickness d of the high-hardness rubber damper has to be given additionally. This paper suggests that d be given not to exceed 200% of shear strain at the maximum response of the entire structural system because the high-hardness rubber damper shows the effective damping in the range up to 200% of shear strain. Although the proposed design method is for the design of the hybrid damper system, it is necessary to conduct some successive calculations for assessing the total damping capacity of the designed hybrid damper system at the prescribed response through the equivalent linearization technique. 
Equivalent linear model of stud-type hybrid damper system
The mechanical model of the stud-type hybrid damper system is shown in Fig.4 . The hysteretic dampers are assumed to obey a normal bilinear hysteretic rule. The stiffness of surrounding portions (braces, upper and lower frames) is regarded to be rigid because they are designed as stiff as possible compared to that of the hybrid damper system. The flexibility of the surrounding portions is neglected in the equivalent linear model of the proposed damper system.
Furthermore, it is assumed that the steel springs remain linear elastic even in a rather large deformation range. The equivalent stiffness eq k and viscous damping coefficient eq c of the stud-type hybrid damper system may be described as Eqs. (10) Fig.6 shows the designed hybrid damper composed of two hysteretic dampers, a high-hardness rubber damper, two steel springs and rotation-restrained steel frames. The hysteretic dampers are designed so as to exhibit 4% of equivalent damping ratio when their ductility factor a  is 3. From preliminary tests for the loading frame only, it was confirm that the dynamic stiffnesses of the loading frame and two steel springs are Fig.7 (a) shows the displacements (d4) of the damper unit with respect to story drifts (d1) during free vibration. The average slope of the curve here means EDR. This test result shows that the average EDR is about 0.985. Fig.7 (b) indicates the shear force in the damper unit (HD + two steel springs) versus story drifts (d1) and its approximated curve (least-square method). In common with EDR, the slope of the approximate curve presents the stiffness of the damper unit. (
Q are the displacement of the damper unit, the surrounding portions and the loading frame, and the shear force in the surrounding portions, respectively. Fig.7 (c) Fig.8 shows the free vibration waves of the loading frame incorporating the stud-type damper system with hysteretic (HD), high-hardness rubber (HRD 2) and hybrid dampers (HD + HRD 2), respectively. These results show that, although hysteretic dampers can respond to large response compared to high-hardness rubber dampers, they are not suitable for small response ( Fig.8 (a) ). Overall damping of the loading frame with hysteretic dampers in a small response range depends on structural damping only. On the other hand, hybrid dampers exhibit a high damping capacity even in a small response range while maintaining damping performances similar to those of hysteretic dampers in a large response range ( Fig.8 http://ccaasmag.org/ARCH (c)). It has been confirmed that these damping aspects can also be observed in the other tests.
The equivalent damping ratios eq h are evaluated from the same free vibration waves. eq h is calculated by the logarithmic decrement method. In the preliminary test for the loading frame only, it was found that the structural damping 0 h is about 0.5%. Fig.9 presents the comparison of the equivalent damping ratios with respect to amplitudes obtained from the tests, simulations and the equivalent linearization in Section 4 for each of hybrid damper. A key parameter in the tests is the cross-sectional area of the high-hardness rubber dampers. This figure also shows that the hybrid dampers have high-damping capacities in the prescribed response range (up to 6 a mm
 
). There are differences between test results and analytical results. Those may be caused by the assumption that the hysteretic dampers are elastic-perfectly plastic materials, and the geometrically nonlinear behavior of the hysteretic dampers affects the damping performance of the hybrid damper system in the large response range. 
Response reduction effect by hybrid damper system
To examine the effect of the proposed hybrid dampers system on the response reduction, a nonlinear time-history response analysis is carried out for a practical three-story building structure (residential house). The building structure is modeled into a three-story shear model (hereafter, structural model).
The undamped natural frequency is given as 3Hz ( 0 19.04 / rad s
 
). The mass of each story is also given based on a practical building structure. In addition its fundamental eigenmode is assumed as an inverted triangle and the structural damping ratio is 2%. Based on the given conditions such as the natural circular frequency (1)  , the fundamental eigenmode Table 3 shows the floor mass and story stiffness of the structural model and Table 4 presents the properties of hysteretic and high-hardness rubber dampers incorporated into the structural model. The stiffness ratio  and magnification coefficients  are given as the same values as those of the full-scale experimental test model. In the simulation, the yield deformation HD y  of hysteretic dampers and the thickness d of high-hardness rubber dampers are given as 6mm, respectively (see Table 4 ). The stiffness of the surrounding portions used in the simulations is the same as that of the full-scale experimental test model to examine the validity of the stud-type hybrid damper system in practical building structures. A spectrum-compatible ground motion is input to the three-story shear model, which was generated so that it is compatible with the Newmark-Hall design spectrum (damping ratio http://ccaasmag.org/ARCH 0 2% h  ) [16] . Figs .10 and 11 illustrate the mean response spectrum and the spectrum-compatible ground motion. (Fig.11) . The maximum story drifts in the structural model for input level 2 are reduced from 14.4mm to 7.8mm, and those for input level 0.2 are reduced from 1.44mm to 0.4mm, respectively, by the hybrid damper system. Most of the responses in the structural model for input levels 2 and 0.2 are reduced by the hysteretic damper and the high-hardness rubber damper in the hybrid damper, respectively. From the simulation results, it can be observed that the hybrid damper systems behave like a viscoelastic damper system under small vibrations, and like a hysteretic damper system under large vibrations, respectively. Furthermore the simulation results demonstrated that the stud-type hybrid damper system has a sufficient performance in the response reduction of practical building structures against various levels of ground motions, even though the surrounding portions of the proposed damper system are applied to practical building structures as it is. 
Conclusions
A new stud-type hybrid damper system composed of hysteretic and visco-elastic dampers (high-hardness rubber dampers) has been proposed in this paper. The damping performance of the proposed damper system has been examined by full-scale experimental loading tests and simulations. A simplified design method has then been proposed to design the hybrid dampers based on the concept of taking full advantages of both dampers and supplementing each other the weakness of the other one. The quantity of the hysteretic dampers is determined first by specifying the ratio of the initial stiffness of the hysteretic dampers to the bare frame's stiffness. Then the quantity of the high-hardness rubber dampers is obtained by giving the ratio of the equivalent damping ratio at a specific deformation level (yield deformation of hysteretic dampers) to the maximum damping ratio of the hysteretic dampers.
Through the evaluation on the stiffness of surrounding portions by the concept of 'effective deformation ratio', it has been confirmed that the proposed hybrid damper system can efficiently operate as an energy dissipating device against wind and earthquake disturbances, even if the proposed system is applied to practical residential houses. Experimental tests and simulation results have showed that the proposed stud-type hybrid damper system has a sufficient damping performance in both small and large response ranges. Although the proposed stud-type hybrid damper system has large initial stiffness compared to single damper systems, the
